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)LUVWWKHWZRPDWHULDOVZHUHFXWZLWKRXWS\URPHWULFPHDVXUHPHQWVDVDUHIHUHQFH
'XULQJ ORFNHGPRGH S\URPHWU\ WKH S\URPHWHU ZDV GHWHFWLQJ WKH VXUIDFH WHPSHUDWXUH DW WKH ODVHU¶V FXUUHQW
SRVLWLRQ ,Q FDVH RI WKH VXUIDFH WHPSHUDWXUHT ULVLQJ SDVW D GHILQHG WKUHVKROG WHPSHUDWXUHTKRW SURFHVVLQJZRXOG
SDXVHXQWLOWKHWHPSHUDWXUHGURSSHGEHORZDVHFRQGWKUHVKROGWHPSHUDWXUHTFRRODQGWKHQFRQWLQXHFXWWLQJWKHOLQH
7KH VHFRQG VWUDWHJ\ ZDV LQGHSHQGHQWPRGH ZKHQ WKH S\URPHWHU ZDV DEOH WR QRW RQO\ GHWHFW WHPSHUDWXUH
UDGLDWLRQDWWKHODVHUEHDP¶VSRVLWLRQDWv/ PPVEXWDOVRDWRWKHUSRVLWLRQV,QWKLVPRGHRIRSHUDWLRQWKH
S\URPHWHU ZRXOG VFDQ DOO WKUHH OLQHV DW vSL PPV GXULQJ ODVHU SURFHVVLQJ DQG GHWHFW WKHLU VXUIDFH
WHPSHUDWXUHV:KHQHYHU WKHFXUUHQWSURFHVVHGOLQHZRXOGJHW WRRKRW WKHODVHUEHDPZRXOGSDXVHSURFHVVLQJWKDW
OLQH DQG FRQWLQXH WR SURFHVVZKLFKHYHU OLQHZDV QRW ILQDOLVHG \HW DQG KDG D VXUIDFH WHPSHUDWXUH EHORZTFRRO FI
ILJXUH,IQRVXFKOLQHZRXOGEHDYDLODEOHODVHUSURFHVVLQJZRXOGSDXVHXQWLOTFRROZDVUHDFKHGRQDQ\RIWKHPRU
DOOOLQHVZHUHILQLVKHG7KLVDOORZVDTXLFNHUSURFHVVLQJRIPXOWLSOHJHRPHWULHV


)LJ3LFWXUHWDNHQE\WKHUPRJUDSKLFFDPHUDLQLQGHSHQGHQWPRGH%HFDXVHRI3H[FHHGLQJWKHWKUHVKROGWHPSHUDWXUHWKHODVHUMXPSHGWR3
EHFDXVH3LVVWLOODERYHTFRRO
)RU WKHH[SHULPHQWV WKUHHGLIIHUHQW WHPSHUDWXUHVZHUH VHW IRU WKUHVKROG WHPSHUDWXUHTFRRO DFFRUGLQJ WR WDEOH
7KHWKUHVKROGWHPSHUDWXUHWRSDXVHSURFHVVLQJZDVVHOHFWHGWREHTKRW TFRRO&
 
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7DEOH7KUHVKROGWHPSHUDWXUHV
7FRRO 7KRW
& &
& &
& &

7KHWZRFRQWUROVWUDWHJLHVORFNHGDQGLQGHSHQGHQWPRGHZHUHFRPSDUHGLQWHUPVRISURFHVVLQJWLPHtDQGVL]H
RIWKH+$=7KHSURFHVVLQJWLPHtZDVUHFRUGHGE\WKHVFDQQHUSURJUDPDQGWKH+$=ZDVHYDOXDWHGXVLQJFURVV
VHFWLRQDQDO\VLV7KH+$=LV WKHVXPRI WKHDIIHFWHGDUHDERWKOHIWDQGULJKWRI WKHFXWJURRYHFIILJXUH%RWK
FULWHULDZHUHLQYHVWLJDWHGIRUWKHLQIOXHQFHVRIWKUHVKROGWHPSHUDWXUHDQGRIILEUHRULHQWDWLRQ


)LJ&URVVVHFWLRQRI336VDPSOHZLWKPDUNHG+$=UHG
5HVXOWV
)LUVWWKHUHIHUHQFHVDPSOHVZHUHSURGXFHG$OOILYHVDPSOHVWZRHSR[\DQGWKUHH336ZHUHSURFHVVHGZLWKRXW
WHPSHUDWXUHFRQWURO7KHUHIRUHKHDWDFFXPXODWLRQZDV LQWHQVHDQG OHDGWRH[WHQVLYH+$=!PPðZKLOHRQ WKH
RWKHUKDQGSURFHVVLQJWLPHt PLQZDVUDWKHUIDVWFRPSDUHGWRWKHVDPSOHVWKDWZHUHWHPSHUDWXUHFRQWUROOHG$OO
UHIHUHQFHVDPSOHV¶GDWDDUHLQFOXGHGLQILJXUHVWR
7KHWHPSHUDWXUHFRQWUROOHGHSR[\VDPSOHVVKRZHG+$=EHWZHHQDQGPPðDERXWRIWKH+$=RI
WKHUHIHUHQFHV)LJXUHGHSLFWVWKH+$=IRUHSR[\VDPSOHVDQGFRPSDUHVFRQWUROPRGHVWKHWKUHVKROGWHPSHUDWXUHV
DQGPDLQILEUHRULHQWDWLRQ
,W VKRZV WKDW WKH+$= LV VOLJKWO\ VPDOOHU IRU VDPSOHV WKDW KDYH EHHQ FXW DW ș  &RPSDULQJ ORFNHG DQG
LQGHSHQGHQWPRGH DW GLIIHUHQW WKUHVKROG WHPSHUDWXUHVTFRROVKRZV D WHQGHQF\ IRU VPDOOHU+$=ZKHQ XWLOLVLQJ WKH
LQGHSHQGHQWPRGH +RZHYHU D VLJQLILFDQW GLIIHUHQFH ZKHQ FRPSDULQJ WKUHVKROG WHPSHUDWXUHV GRHV QRW EHFRPH
REYLRXV

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
)LJ&RPSDULVRQRI+$=RQHSR[\VDPSOHVLQUHODWLRQWRS\URPHWU\PRGHWKUHVKROGWHPSHUDWXUHDQGILEUHRULHQWDWLRQ
:KLOHWKH+$=LVVLJQLILFDQWO\LPSURYHGGXHWRWKHXWLOLVDWLRQRIWHPSHUDWXUHFRQWUROLWDOVRKDVDKXJHLPSDFW
RQRYHUDOOSURFHVVLQJWLPH t)LJXUHVKRZVWKHSURFHVVLQJWLPH t IRU WKHHSR[\VDPSOHV LQUHODWLRQWRS\URPHWU\
PRGHWKUHVKROGWHPSHUDWXUHDQGILEUHRULHQWDWLRQ


)LJ&RPSDULVRQRISURFHVVLQJWLPHtRQHSR[\VDPSOHVLQUHODWLRQWRS\URPHWU\PRGHWKUHVKROGWHPSHUDWXUHDQGILEUHRULHQWDWLRQ
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(YDOXDWLQJWKHSURFHVVLQJWLPHWKHGLDJUDPVKRZVWKDWWKHLQGHSHQGHQWPRGHZDVDWOHDVWWZRWLPHVIDVWHUWKDQ
ORFNHGPRGH ZLWKLQ WKH VDPH WKUHVKROG WHPSHUDWXUH UHJLPH :LWK ULVLQJ WKUHVKROG WHPSHUDWXUH TFRRO WKH RYHUDOO
SURFHVVLQJWLPHtLVGHFUHDVLQJ+RZHYHUDFOHDUFRUUHODWLRQEHWZHHQILEUHRULHQWDWLRQDQGWLPHtLVQRWSRVVLEOH
7KH336 VDPSOHV FRQWDLQHG D VDWLQZRYHQFDUERQ ILEUH IDEULF7KHUHIRUH 336 VDPSOHVZHUH FXW DWș  LQ
DGGLWLRQWRș 'XULQJWKHH[SHULPHQWV+$=ZHUHJHQHUDWHGWKDWZHUHVOLJKWO\ODUJHUWKDQIRUWKHHSR[\
EDVHG VDPSOHV ZLWK DUHDV RI DSSUR[  WR PPð 6LPLODU WR WKH HSR[\ VDPSOHV WKLV LV DERXW  RI WKH
UHIHUHQFHV¶+$=
)LJXUHVKRZVWKH+$=JHQHUDWHGRQ336LQGHSHQGHQFHRIWKHS\URPHWU\PRGHWKHWKUHVKROGWHPSHUDWXUHTFRRO
DQGWKHPDLQILEUHRULHQWDWLRQș,WFDQEHVHHQWKDWWKH+$=LVLQFUHDVLQJZLWKDULVLQJWKUHVKROGWHPSHUDWXUHIRU
ERWK ORFNHG DQG LQGHSHQGHQWPRGH S\URPHWU\ DOWKRXJK WKH LQFUHDVH LV FRPSDUDEO\ VPDOO IRU WKH LQGHSHQGHQW
PRGH$JDLQDFOHDUFRUUHODWLRQEHWZHHQILEUHRULHQWDWLRQDQGVL]HRI+$=LVQRWGHWHFWDEOH6LPLODU WR WKHHSR[\
VDPSOHVSURFHVVLQJWLPHtLVVLJQLILFDQWO\DIIHFWHGE\WKHDSSOLHGWHPSHUDWXUHFRQWUROVWUDWHJ\)LJXUHVKRZVWKH
GDWDUHFRUGHGIRUSURFHVVLQJWKH336VDPSOHVXWLOLVLQJWKHWZRS\URPHWU\PRGHVLQUHJDUGWRWKUHVKROGWHPSHUDWXUH
DQGPDLQ ILEUH RULHQWDWLRQ$VEHIRUH D FOHDU FRUUHODWLRQEHWZHHQ SURFHVVLQJ WLPH DQG ILEUH RULHQWDWLRQGRHV QRW
EHFRPH REYLRXV EXW DJDLQ LQGHSHQGHQWPRGH LV VLJQLILFDQWO\ IDVWHU WKDQ ORFNHGPRGH DQG DW DQ DOPRVW FRQVWDQW
SURFHVVLQJ WLPH ZKHUHDV WKH ODVHU FXWWLQJ SURFHVV EHFRPHV IDVWHU LQ ORFNHGPRGH DW LQFUHDVLQJ WKUHVKROG
WHPSHUDWXUHVVWLOOUHTXLULQJDERXWWZLFHWKHWLPHRIWKHLQGHSHQGHQWPRGHDWDWKUHVKROGWHPSHUDWXUHTFRRO &


)LJ&RPSDULVRQRI+$=RQ336VDPSOHVLQUHODWLRQWRS\URPHWU\PRGHWKUHVKROGWHPSHUDWXUHDQGILEUHRULHQWDWLRQ
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
)LJ&RPSDULVRQRISURFHVVLQJWLPHtRQ336VDPSOHVLQUHODWLRQWRS\URPHWU\PRGHWKUHVKROGWHPSHUDWXUHDQGILEUHRULHQWDWLRQ
'LVFXVVLRQDQGFRQFOXVLRQ
2QD[LVS\URPHWU\LVDFRPPRQWHFKQLTXHWRFRQWUROVXUIDFHWHPSHUDWXUHGXULQJODVHUPDWHULDOSURFHVVLQJ,QWKLV
VWXG\DGRXEOHVFDQKHDGZDVXVHGWRLQWURGXFHDQDOWHUQDWLYHSURFHGXUH7KHGRXEOHVFDQKHDGDOORZVWZRGLIIHUHQW
ZD\VRIPRQLWRULQJ WKH ODVHUSURFHVV(LWKHUE\ V\QFKURQLVHGPRYHPHQWRI ODVHUEHDPDQGS\URPHWHUPHDVXULQJ
VSRWLQDVRFDOOHGORFNHGPRGHRUE\LQGHSHQGHQWO\FRQWUROOLQJWKRVHWZRV\VWHPV
7KHORFNHGPRGHFORVHO\UHVHPEOHVWKHFRQYHQWLRQDORQD[LVS\URPHWU\ZLWKWKHDELOLW\WRXVHGLIIHUHQWRSWLFDO
FRDWLQJV SHUIHFWO\ ILW IRU WKH LQGLYLGXDO SDWKV RI ODVHU DQG S\URPHWHU EXWZLWK D VPDOO GHYLDWLRQ RI WKH DQJOH RI
LQFLGHQFHRIWKHWZRRSWLFDOSDWKVRQWKHWDUJHW'XULQJODVHUSURFHVVLQJRI&)53WKLVORFNHGPRGHZDVFRPSDUHG
ZLWKWKHLQGHSHQGHQWPRGH,Q LQGHSHQGHQWPRGH LWZDVSRVVLEOH WRFRQWURO WHPSHUDWXUHVRQPXOWLSOHJHRPHWULHV
ZKLOHWKHODVHUZRXOGFRQWLQXHSURFHVVLQJRQHRIWKRVHJHRPHWULHV7KLVZDVUHDOLVHGE\LQFUHDVLQJWKHS\URPHWHU¶V
VFDQQLQJ YHORFLW\ E\ DQ RUGHU RI PDJQLWXGH 7KXV WKH S\URPHWHU ZRXOG GR VHYHUDO WHPSHUDWXUH VFDQV RQ DOO
JHRPHWULHV DQG GHFLGH EDVHG RQ WKH GHWHFWHG WHPSHUDWXUHV ZKHWKHU D JHRPHWU\ ZDV FOHDUHG IRU SURFHVVLQJ RU
QHHGHG WRFRQWLQXHFRROLQJGRZQ7KHFRPSDULVRQRI WKHVH WZRPRGHV IRFXVHGRQ WKH+$=DQGSURFHVVLQJ WLPH
GXULQJODVHUFXWWLQJRIFDUERQILEUHUHLQIRUFHGHSR[\DQG3367KRVHWZRSURFHVVFKDUDFWHULVWLFVZHUHLQYHVWLJDWHG
LQGHSHQGHQFHRIILEUHRULHQWDWLRQDQGWKUHVKROGWHPSHUDWXUH
7KLV VWXG\ GHPRQVWUDWHG WKDW WKH DELOLW\ WR LQGHSHQGHQWO\ VFDQ DOO JHRPHWULHV ZKLOH SURFHVVLQJ RQH RI WKHP
DOORZHG WR VLJQLILFDQWO\ UHGXFLQJ SURFHVVLQJ WLPH LQ FRPSDULVRQ WR ORFNHGPRGH S\URPHWU\ 'HSHQGLQJ RQ WKH
WKUHVKROG WHPSHUDWXUHSURFHVVLQJ WLPHZDV LPSURYHGE\ DSSUR[ IDFWRU WR LQ FRPSDULVRQ WR ORFNHGPRGH ,Q
UHJDUG WR WKH UHIHUHQFH VDPSOH WKLVZRXOG VWLOO EH DERXW WKUHH WLPHV VORZHU DWTFRRO & EXW WKH UHVXOWV DOVR
VKRZHGWKDWERWKS\URPHWU\PRGHVVLJQLILFDQWO\UDLVHGSURFHVVTXDOLW\ LQ WHUPVRI+$=E\DSSUR[ WZRRUGHUVRI
PDJQLWXGHLQUHODWLRQWRWKHUHIHUHQFHVDPSOH7KXVSURFHVVHIILFLHQF\ZDVFOHDUO\LPSURYHG
,W ZDV VKRZQ WKDW WKH+$= VL]H ZDVPDLQO\ DIIHFWHG E\ WKH WKUHVKROG WHPSHUDWXUH 6LQFH D KLJKHU WKUHVKROG
WHPSHUDWXUHZRXOGDOORZPRUHKHDWWREHVWRUHGLQWKHVXUIDFHEHIRUHWKHSURFHVVZDVSDXVHGWKHPDWHULDOLVPRUH
OLNHO\ WR UHFHLYH D ELJJHU +$=:KLOH WKH HSR[\ VDPSOHV¶ +$= VHHPHG WR VKRZ D VPDOO GHSHQGHQFH RQ ILEUH
RULHQWDWLRQZLWKFXWVSHUIRUPHGDWDQDQJOHRIș KDYLQJDVOLJKWO\VPDOOHU+$=LQFRPSDULVRQWRWKRVHFXWDW
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ș WKLVFRXOGQRWEHZLWQHVVHGRQWKH336VDPSOHV7KLVPLJKWEHGXHWRWKHDV\PPHWULFW\SHRIZHDYH,QRUGHU
WR LQYHVWLJDWH WKH HIIHFW RI ILEUH RULHQWDWLRQRQ WKHGHYHORSPHQW RI D+$=PRUH FORVHO\ H[SHULPHQWV QHHG WR EH
FRQGXFWHGWKDWDOVRFRQVLGHUDQH[DFWDQGUHSURGXFLEOHSODFHPHQWRIJHRPHWULHVRQGHILQHGILEUHORFDWLRQV
7KHLQYHVWLJDWLRQVKRZVWKHGRXEOHVFDQKHDGLVDEOHWRVXSSRUWDGYDQFHGWHPSHUDWXUHFRQWUROVWUDWHJLHVGXULQJ
ODVHUPDWHULDOSURFHVVLQJ
$FNQRZOHGJHPHQWV
7KLV UHVHDUFK ZDV FRQGXFWHG ZLWKLQ WKH (UD60( SURMHFW ³$¶4XLODFR ± $GYDQFHG RQOLQH TXDOLW\ DQG SURFHVV
FRQWURO IRUKLJK VSHHG ODVHUPDFKLQLQJRI FRPSRVLWHV´ DQGZDV VXSSRUWHGE\ WKH)HGHUDO0LQLVWU\ IRU(FRQRPLF
$IIDLUVDQG(QHUJ\%0:LRQWKHEDVLVRIDGHFLVLRQE\WKH*HUPDQ%XQGHVWDJ.)$%
7KHDXWKRUVZRXOG OLNH WRH[SUHVV WKHLUJUDWLWXGH WR0UV.'HODH\DQG0U09DQ%LHVHQDW1HZVRQ19IRU
SURYLGLQJ WKH 5KRWKRU7ZLQ +HDG 3\UR GRXEOHVFDQKHDG DV ZHOO DV WR 'U + .UL] DW 6HQVRUWKHUP *PE+ IRU
SURYLGLQJWKHS\URPHWHU0HWLV+,XVHGLQWKHVHH[SHULPHQWV
5HIHUHQFHV
%HDUGPRUH3-RKQVRQ&)7KHSRWHQWLDOIRUFRPSRVLWHVLQVWUXFWXUDODXWRPRWLYHDSSOLFDWLRQV&RPSRVLWH6FLHQFHDQG7HFKQRORJ\
S
%OPHO 6 -lVFKNH 3 6XWWPDQQ 2 2YHUPH\HU /  &RPSDUDWLYH VWXG\ RI DFKLHYDEOH TXDOLW\ FXWWLQJ FDUERQ ILEUH UHLQIRUFHG
WKHUPRSODVWLFVXVLQJFRQWLQXRXVZDYHDQGSXOVHGODVHUVRXUFHV3K\VLFV3URFHGLDS
%OPHO66WlKU5-lVFKNH36XWWPDQQ22YHUPH\HU/&RUUHODWLRQRILQWHUQDODQGVXUIDFHWHPSHUDWXUHVGXULQJODVHUFXWWLQJRI
HSR[\EDVHGFDUERQILEUHUHLQIRUFHGSODVWLFV-RXUQDORI5HLQIRUFHG3ODVWLFVDQG&RPSRVLWHVS
&KDZOD..&RPSRVLWH0DWHULDOV6SULQJHU,6%1
'LWWPDU+:LSSR9 -lVFKNH3.UL]+'HODH\.6XWWPDQQ22YHUPH\HU/7HPSHUDWXUHPRQLWRULQJ LQGHSHQGHQWRI ODVHU
EHDPSRVLWLRQGXULQJODVHUWUDQVPLVVLRQZHOGLQJRIILEUHUHLQIRUFHGWKHUPRSODVWLFV/DVHUVLQ0DQXIDFWXULQJ&RQIHUHQFH0XQLFK*HUPDQ\
SDSHU
)LQJHU - :HLQDQG 0 :RUWPDQQ '  ,QYHVWLJDWLRQ RQ SURFHVVLQJ RI FDUERQ ILEHU UHLQIRUFHG SODVWLFV XVLQJ XOWUDVKRUW SXOVHG ODVHU
UDGLDWLRQZLWKKLJKDYHUDJHSRZHU ,Q3URFHHGLQJVRIQG ,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI/DVHUV	(OHFWUR2SWLFV ,&$/(2
0LDPL86$
)LVFKHU).UHOLQJ6%ODVV'6WlKU5%OPHO6-lVFKNH3'LOJHU./DVHUPDWHULDOPDFKLQLQJRI&)53±DQRSWLRQIRUGDPDJH
IUHH DQG IOH[LEOH &)53 SURFHVVLQJ" LQ ³0DFKLQDELOLW\ RI )LEUH5HLQIRUFHG 3ODVWLFV´ ,Q 'DYLP - 3 (G $GYDQFHG &RPSRVLWHV GH
*UX\WHU%HUOLQ%RVWRQS
*UDEDV%3\URPHWULFWHPSHUDWXUHPHDVXUHPHQWVZLWKDPLQLDWXUHFDYLW\XVHGDVDEODFNERG\LQWKHFDORULPHWULFPHWKRGIRUGHWHUPLQLQJ
DEVRUEHGODVHUHQHUJ\([SHULPHQWDO7KHUPDODQG)OXLG6FLHQFHS'2,MH[SWKHUPIOXVFL
/HRQH&3DSD,7DJOLDIHUUL)/RSUHVWR9,QYHVWLJDWLRQRI&)53ODVHUPLOOLQJXVLQJD:4VZLWFKHG<E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